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ABSTRACT

Deficiencies in the n–3 (ω-3) long-chain PUFAs (LC-PUFAs) EPA and DHA are associated with increased risk for the development of numerous diseases.
Although n–3 LC-PUFAs can be obtained by consuming marine products, they are also synthesized endogenously through a biochemical pathway
regulated by the �-5/�-6 desaturase and elongase 2/5 enzymes. This narrative review collates evidence from the past 40 y demonstrating that
mRNA expression and activity of desaturase and elongase enzymes are influenced by numerous dietary components, including macronutrients,
micronutrients, and polyphenols. Specifically, we highlight that both the quantity and the composition of dietary fats, carbohydrates, and proteins
can differentially regulate desaturase pathway activity. Furthermore, desaturase and elongase mRNA levels and enzyme activities are also influenced
by micronutrients (folate, vitamin B-12, vitamin A), trace minerals (iron, zinc), and polyphenols (resveratrol, isoflavones). Understanding how these
various dietary components influence LC-PUFA synthesis will help further advance our understanding of how dietary patterns, ranging from caloric
excesses to micronutrient deficiencies, influence disease risks. Adv Nutr 2021;12:980–994.
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Introduction
Diet-related chronic disease represents one of the strongest
risks for morbidity and mortality in Western countries (1).
The Western diet is generally characterized as hypercaloric,
abundant in refined sugars, saturated fats, n–6 PUFA, and
sodium content, while also being low in fiber, micronutrients,
and n–3 PUFA (1, 2). This dietary pattern is associated with
increased risk of obesity, diabetes, and cardiovascular disease
(3). The n–3 and n–6 PUFA content of the Western diet is of
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interest given that different PUFAs are not equivalent with
regard to their influence on chronic disease risk (4).

The main dietary PUFAs in general adult populations
from industrialized countries are α-linolenic acid (ALA;
18:3n–3) and linoleic acid (LA; 18:2n–6), which account for
0.02–1% and 3.1–8.6% energy (en) intake, respectively (5).
Both ALA and LA are essential dietary fats because humans
lack the enzymes necessary for their synthesis (6). These fatty
acids are substrates for the production of important long-
chain PUFAs (LC-PUFAs), with EPA (20:5n–3), docosapen-
taenoic acid (DPAn–3; 22:5n–3), and DHA (22:6n–3) derived
from ALA and arachidonic acid (AA; 20:4n–6) derived from
LA (7). LC-PUFAs are critical bioactive molecules that serve
as constituents of cell membrane phospholipids, signaling
molecules, and substrates for the production of bioactive
lipid mediators (8).

The conversion of ALA and LA into LC-PUFAs occurs
through a biochemical pathway (referred to as the desatura-
tion pathway) that is regulated by desaturase [�-6 desaturase
(�6D), �-5 desaturase (�5D)] and elongase [fatty acid elon-
gase 2 (ELOVL2), fatty acid elongase 5 (ELOVL5)] enzymes.
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FIGURE 1 The LC-PUFA synthesis pathway. LC, long chain.

Studies have shown that the conversion of ALA into LC-
PUFA occurs in both human infants and adults to a limited
extent (9), with estimates indicating that <8% and <1% of
ALA is converted into EPA and DHA, respectively (9, 10).
The low endogenous conversion of ALA into downstream
LC-PUFA places greater emphasis on obtaining EPA and
DHA directly from the diet; however, <20% of the global
population consumes sufficient EPA and DHA (11). This
is germane because low EPA and DHA concentrations are
associated with higher risk of nonalcoholic fatty liver disease,
Alzheimer’s disease, schizophrenia, depression, cancer, type 2
diabetes, and other conditions (12–14). Due to the numerous
conditions associated with low EPA and DHA status, the
desaturation pathway is of critical importance because it
represents the primary source for these LC-PUFAs in most
of the population.

Many factors influence LC-PUFA synthesis, including
sex, body weight, age, alcohol consumption, smoking, and
genetics [reviewed in (15)]; however, nutrients also have
the capacity to regulate the desaturation pathway. Although
much of the recent discussion surrounding nutrient reg-
ulation of this pathway has focused on dietary n–3 and
n–6 PUFAs, evidence during the past decades reveals that

many other nutrients can directly and/or indirectly regulate
this pathway. This narrative review collates evidence showing
that macronutrients, micronutrients, and polyphenols are
all capable of influencing the desaturases and elongases
controlling LC-PUFA synthesis. Whenever possible, we
address potential mechanisms by which nutrients influence
desaturation pathway activity. The prevailing complexity
surrounding diet regulation of LC-PUFA synthesis rein-
forces the need for continued investigations to further
clarify how different nutrients regulate essential fatty acid
metabolism and how this may contribute to chronic disease
risk.

LC-PUFA Synthesis
The conversion of essential fatty acids into LC-PUFAs
occurs through a series of desaturation and elongation steps
(Figure 1). �6D and �5D are encoded by the fatty acid
desaturase 2 (Fads2) and fatty acid desaturase 1 (Fads1)
genes, respectively (16). Although the primary tissue for
LC-PUFA synthesis is the liver, Fads1 and Fads2 mRNA is
detected in most tissues (17). �6D and �5D are microsomal
membrane-bound “front-end” desaturases that insert double
bonds at specific positions in a fatty acid chain in a reaction
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that requires molecular oxygen and 3 enzymes: NAD(P)H
cytochrome b5 reductase, cytochrome b5, and the desaturase
(18, 19). ELOVL2 and ELOVL5 are encoded by the Elovl2
and Elovl5 genes, respectively (20). Elovl2 was reported to
be highly expressed in rat liver, brain, lung, and kidney,
whereas Elovl5 appears to be expressed more ubiquitously
(21). Elongases extend a fatty acid by 2 carbons as part of
4 sequential reactions that depend on fatty acyl CoA, malonyl
CoA, and NAD(P)H (22). The final step in the synthesis
of DHA can occur through either a peroxisomal route (23)
or Fads2-mediated �-4 desaturation in the endoplasmic
reticulum (24).

Transcriptional Regulation of Desaturases and
Elongases
A comprehensive discussion regarding the transcriptional
regulation of LC-PUFA synthesis is beyond the scope of
the current review but is well described elsewhere (25,
26). Briefly, the regulation of desaturase and elongase gene
expression involves several transcription factors, including
peroxisome proliferator–activated receptor α (PPAR-α),
sterol regulatory element binding protein 1c (SREBP-1c),
retinoid X receptor (RXR), and carbohydrate response
element binding protein (ChREBP) (27, 28). Elucidating
the transcriptional regulation of LC-PUFA synthesis has
been facilitated by using transgenic mouse models and
synthetic agonists. For example, Fads1 and Fads2 expression
is increased with SREBP-1c overexpression (29), as well
as in mice treated with synthetic PPAR-α agonists (21,
29, 30). Elovl5 mRNA levels are augmented with a PPAR-
α agonist, but not Elovl2 (21). Considerable complexity
surrounds the transcriptional regulation of desaturases and
elongases, as LC-PUFAs produced through the desaturation
pathway feed back to suppress SREBP-1c and activate PPAR-
α (25, 26). These transcription factors act as sensors for
many nutrients and related metabolites, intimating that
numerous dietary components can influence LC-PUFA
synthesis.

Macronutrients
Lipids
The relation between dietary fat and cardiometabolic health
is of intense interest (4, 31, 32), with growing recognition that
different fatty acids have different associations with health
and disease. Because dietary oils used in feeding studies vary
significantly in their fatty acid composition, it is challenging
to conclusively attribute changes in desaturation pathway
activity to a specific fatty acid. Nevertheless, research shows
that both the quantity of fat in the diet and its composition
can influence LC-PUFA synthesis.

High-fat diets.
Several rodent studies report that desaturase and elongase
expression and/or activity are altered with a high-fat diet
(HFD). Importantly, the studies discussed here used the same
oils when making HFDs and low-fat control diets (LFDs),

thus minimizing changes in fatty acid composition. However,
a notable caveat is that increasing dietary fat content can also
change carbohydrate and protein content in the diet; these
macronutrients also regulate LC-PUFA synthesis (discussed
later).

Wang et al. (33) showed that hepatic Elovl5 mRNA was
suppressed in male C57BL/6 mice fed an HFD (∼55% en
from lard, ∼5% en from soybean oil) for 10 wk compared
with an LFD (∼5% en from lard, ∼5% en from soybean oil),
with no change in desaturase expression. The HFD reduction
in Elovl5 expression aligned with a lower liver AA:LA
ratio. Similarly, Valenzuela et al. (34) reported lower hepatic
n–3 and n–6 PUFAs in male mice fed an HFD (∼55% en
from lard, ∼5% en from soybean oil) for 10 wk compared
with an LFD (∼5% en from lard, ∼5% en from soybean
oil). Unlike Wang and colleagues (33), Valenzuela et al. (34)
showed that an HFD suppressed both liver �5D and �6D
activities. Differences in dietary carbohydrate content (i.e.,
sucrose compared with starch) in the LFDs may reconcile dis-
crepancies between these studies; nevertheless, both showed
that an HFD generally suppressed the desaturation pathway.
Critically, dietary protein content was held constant in both
studies, which eliminated a potential confounder. In contrast,
an HFD (71% en fat) had no effect on FADS1 and ELOVL5
protein expression in rat white adipose tissue compared
with a moderate fat diet (35% en fat) (35). These diets
varied only in the amount of corn oil used, thus minimizing
differences in fatty acid composition. Together, these results
suggest potential tissue-specific regulation of desaturases and
elongases in response to an HFD. Finally, a randomized
crossover trial in postmenopausal women showed that
8 wk of consuming an HFD (40% en fat) compared with an
LFD (20% en fat) suppressed �6D activity, as estimated with
product-to-precursor ratios from plasma phospholipids (36).
A notable strength of this trial was the rigorous control of
dietary fatty acid content due to the preparation of foods by
trained metabolic kitchen staff.

Collectively, these studies indicate that desaturation path-
way activity is sensitive to the quantity of fat in the diet. Given
that an HFD is well known to alter hepatic lipid metabolism,
studies targeting key transcription factors such as PPAR-
α and SREBP-1c will help further define the mechanisms
underlying HFD-associated reductions in desaturase and
elongase activities.

Polyunsaturated fats.
Essential fatty acid–deficient diets. It is well established

that an essential fatty acid deficiency (EFAD) promotes fatty
acid synthesis and desaturation pathway activity. Animals fed
a diet devoid of all n–3 and n–6 PUFAs show increases in
mead acid, which is a �-6 desaturation product of oleic acid
(37). Increased production of mead acid by �6D occurs not
only in the absence of competition from ALA and LA but
also with the increase in �6D activity caused by an EFAD.
Using labeled LA (i.e., �6D substrate), �6D activity was
increased in liver microsomes isolated from rats fed an EFAD
diet for 15 d from weaning (38). Similarly, De Schrijver and
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Privett (39) also reported that rats fed an EFAD diet for
9 wk had increased �5D and �6D activities compared with
rats fed a safflower-enriched diet. Interestingly, the inclusion
of hydrogenated coconut oil (rich in saturated fats) did not
influence the increased desaturase activities observed with an
EFAD diet. Studies such as these suggest that an EFAD diet
may promote desaturation pathway activity to help preserve
the unsaturated-to-saturated fatty acid ratios in biological
membranes.

Substrate regulation of desaturase activity. n–3 and n–6
PUFAs compete for desaturase pathway enzymes; however,
�6D appears to have greater affinity for ALA than for
LA (10). ALA supplementation increases EPA and DPAn–3
content in blood and tissues in animal and human studies,
whereas the increases in DHA are smaller and less consistent
(10). The conversion of ALA into LC-PUFA is sensitive to
dietary LA content. Specifically, high LA intake reduces n–3
PUFA content in circulation and tissues; however, the effect
on desaturases and elongases is less consistent. Kim et al.
(40) reported that rats fed diets containing ALA (1% en) for
12 wk had lower liver �5D, �6D, ELOVL2, and ELOVL5
protein content when the diet contained high LA (24.5%
en) compared with low LA (9.1% en); however, desaturase
activities were not assessed. In contrast, Blanchard et al. (41)
used activity assays to show that rats fed diets containing
ALA (0.6% en) had higher �6D activity with a trend for
increased �5D activity after 8 wk of consuming a diet
with 4.8% en from LA compared with a diet with 2.5%
en from LA, with no change in Fads1 and Fads2 mRNA.
Similarly, Sheaff et al. (42) reported higher desaturation
pathway activity in rats fed a high-LA diet compared with
a low-LA diet. Although these studies all showed that
increased dietary LA reduced n–3 PUFA content overall, the
different conclusions regarding desaturation pathway activity
highlight the challenge of integrating gene/protein data with
activity assays. Interestingly, edible vegetable oils (e.g., soy
and safflower) with lower LA content are being developed
and becoming more readily available (43). It is presumed that
the consumption of these low-LA oils will increase n–3 PUFA
tissue content, but how they influence desaturation pathway
activity remains unknown.

Several studies have examined desaturation pathway
activity when dietary LA is held constant but ALA concen-
trations vary. Igarashi et al. (44) reported that rats fed a
diet containing LA (2.6% en) but deficient in ALA (0.016%
en) had increased hepatic Fads1, Fads2, Elovl2, and Elovl5
mRNA expression after 15 wk compared with rats fed a
sufficient amount of ALA (0.5% en). In agreement, the
corresponding enzyme activities were all increased in rats
fed the ALA-deficient diet. In contrast, Tu and colleagues
(45) did not observe any effect on the expression of the
previously mentioned genes in rats fed diets with LA (1%
en) but ranging in ALA content (0.2–2.9% en) after 21 d.
This suggests that the reprogramming of desaturase and
elongase gene expression may necessitate longer dietary
challenges.

LC-PUFA regulation of desaturase activity. Desaturases
and elongases are also influenced through feedback
regulation by products of the desaturation pathway. Several
studies provide evidence that EPA, DHA, or a combination
of both (i.e., fish oil) feeds back to inhibit this pathway at the
level of both gene expression and enzyme activity. Wang et
al. (21) reported that male rats fed a fish oil diet for 7 d had
reduced Fads1 and Fads2 mRNA expression, with varying
effects on Elovl2 and Elovl5 expression. Similarly, a dose-
dependent suppression on hepatic mRNA levels for Fads1,
Fads2, and Elovl5 was noted in C57BL/6J mice fed diets
with a constant amount of ALA (5% w:w) and increasing
amounts of EPA (0.25–1% w:w) (46). Although not examined
in these studies, it would be interesting to determine if these
effects are mediated by PPAR-α and SREBP-1c. Other
studies have also shown that the consumption of preformed
DHA feeds back to inhibit desaturation pathway activity.
Humans receiving an oral mixture of deuterated ALA and
LA after consuming a DHA-rich diet for 90 d showed
lower concentrations of most desaturated and elongated
n–3 and n–6 LC-PUFAs, suggesting a general suppression
of desaturation pathway activity (47). Studies in rats have
shown a similar inhibition in response to increased DHA
intake. For example, Christiansen et al. (48) reported that
rats fed a fish oil diet for 3 wk had lower microsomal �5D
and �6D activity. In addition, DeMar et al. (49) showed that
deuterated DHA content was reduced in male rats fed a milk
formula containing deuterium-labeled ALA + unlabeled
DHA for 8 d compared with labeled ALA alone. Importantly,
both formulas had a similar percentage fatty acid content
for both ALA and LA that helped mitigate the confounding
effect of substrates on pathway activity. Interestingly, EPA
content was increased in rats fed DHA-supplemented milk,
which aligns with other studies (50–52). Although this
increase in EPA is commonly attributed to retroconversion
from DHA, it was recently shown that EPA conversion into
DHA slows when preformed DHA is in the diet, thus causing
EPA to accumulate (53). It is notable that the effects of
DHA supplementation on fatty acid profiles differed across
tissues (49), hinting at tissue-specific responses in fatty acid
desaturation and/or accretion.

Fewer studies have examined whether the consumption
of preformed AA also inhibits the desaturation pathway, and
the available evidence is less conclusive than that observed
with EPA/DHA. Trials in piglets fed diets varying in AA
content have shown little or no effect on hepatic desaturase
and elongase gene expression or pathway activity (54, 55).
This suggests that EPA and DHA are more potent feedback
regulators of the desaturation pathway compared with AA.
However, more studies in rodents fed AA-enriched diets
are needed to better compare results with those from n–3
LC-PUFA feeding studies.

Saturated and monounsaturated fats.
Few studies have examined if other dietary fats modulate
the desaturation pathway. Dang et al. (56) showed that
rats fed a diet supplemented with SFA (20% w:w partially
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hydrogenated coconut oil) for 1 mo had significantly reduced
�5D activity compared with a nonpurified diet (5% w:w fat),
as determined using liver microsomes incubated with labeled
dihomo-γ -linolenic acid (DGLA; i.e., �5D substrate). How-
ever, it is important to note that the SFA diet had very low
concentrations of n–3 and n–6 PUFAs compared with the
nonpurified diet, which may confound the interpretation of
these results. This is particularly important given in vitro
evidence that excess palmitate, in the context of low ALA
and LA, competes for �6D activity (57). Thus, the impact
of SFA on LC-PUFA synthesis is minor in the presence of
adequate dietary ALA and LA but may exacerbate LC-PUFA
deficiencies in the context of an EFAD.

Picklo and Murphy (58) conducted a study in which
mice consumed HFDs (50% en fat) that varied in SFA and
MUFA content but had relatively constant ALA and LA.
In comparison to an LFD (16% en fat), the high-SFA diet
reduced liver Fads1, Fads2, Elovl2, and Elovl5 mRNA levels.
In contrast, the high-MUFA diet elevated Fads1 and Fads2
mRNA, with no effect on elongase gene expression. The high-
SFA diet increased ALA hepatic phospholipid content, as well
as EPA, DPAn–3, and DHA, compared with the high-MUFA
diet, which does not align with the gene expression results.
Therefore, additional studies in which fatty acid tracers are
used to assess individual steps in the desaturation pathway
will help address this discrepancy between gene expression
and fatty acid composition.

Vessby et al. (59) conducted a 3-mo randomized con-
trolled trial to examine the effect of MUFA compared with
SFA on desaturase activities (assessed using product-to-
precursor ratios based on serum fatty acids). Importantly,
the isoenergetic diets were carefully formulated to alter only
the SFA and MUFA content while keeping all other nutrients
relatively constant. Moderate HFDs (37% en fat) composed
of 17%, 14%, and 6% of SFA, MUFA, and PUFA for the SFA
diet, respectively, and 8%, 23%, and 6% of SFA, MUFA, and
PUFA for the MUFA diet, respectively, were investigated.
No changes in estimated �5D and �6D activities were
found with either diet, in relation to baseline estimates. In
contrast, individuals who received an EPA/DHA supplement
showed a significant reduction in estimated �6D activity and
a significant increase in estimated �5D activity. Thus, the
effects of altering dietary SFA and MUFA content appear
to be considerably less impactful on desaturation pathway
activity compared with PUFA; however, additional studies
are needed due to the known limitations of product-to-
precursor estimates.

Cholesterol.
Several studies conducted in the late 1980s and early 1990s
revealed that increases in dietary cholesterol concentrations
suppress LC-PUFA synthesis (60–65). In one of the first
studies, Leikin and Brenner (61) fed male rats a control diet
or a control diet supplemented with 1% (w:w) cholesterol
and 0.5% (w:w) cholic acid for either 2 or 21 d and then
examined desaturase activities using labeled DGLA and LA.
Dietary cholesterol suppressed microsomal �5D activity, as

reflected by lower concentrations of AA, at both 2 and 21 d, as
well as impaired microsomal �6D activity at 2 d, as reflected
by lower concentrations of GLA. The cholesterol-induced
suppression in desaturase activity was further reflected in the
AA:LA ratio, as well as in EPA and DHA concentrations.
Additional studies investigated whether desaturase enzyme
activity was altered in male rats fed diets containing either
linseed oil (rich in ALA) or linseed oil with added cholesterol
(2% w:w). The desaturation rate of labeled DGLA in liver
microsomes isolated from rats after 4 wk of the experimental
diets revealed that added dietary cholesterol suppressed
both �5D (64) and �6D (63) activities. Interestingly, DHA
content was also reduced; however, the increased EPA
concentrations further reinforces �6D’s preference for ALA
compared with LA. An independent study by this same group
showed that microsomal results were similarly reflected in
plasma and tissue phospholipid fatty acid composition in rats
fed a diet containing linseed oil with 2% (w:w) cholesterol for
4 wk (60). In accordance with cholesterol-supplementation
studies, a cholesterol-depleted diet showed the opposite
effects, where liver microsomal �5D and �6D activities were
increased in conjunction with higher AA (66).

Collectively, these studies provide evidence that dietary
cholesterol modulates LC-PUFA synthesis; however, the
precise mechanism of action remains equivocal. Brenner et
al. (62) reported that both �5D and �6D activities were
suppressed when 1% (w:w) cholesterol was added to an EFAD
diet. However, no change in Fads2 mRNA was found, and
they did not report on Fads1 gene expression. Regardless, an
effect on desaturase gene expression remains plausible given
that high cholesterol inhibits nuclear translocation of SREBP-
1c (67, 68). It is equally plausible that the excess dietary
cholesterol affects the physical properties of membranes
and consequently influences endoplasmic reticulum–bound
desaturase enzymes. Irrespective of the mechanism(s) at play,
cholesterol’s ability to suppress desaturase enzyme activity
is critical to consider because this has the potential to
exacerbate cardiovascular risk, particularly in the context of
an EFAD diet.

Protein
Consumption of a high-protein diet decreases hepatic lipid
accumulation by inhibiting fatty acid synthesis (69, 70).
Previous reports show that high dietary protein has anti-
steatotic effects, mainly due to the reduction of lipogenic
gene expression (71, 72). Furthermore, several studies have
reported that the type of dietary protein (e.g., soy, casein) can
differentially impact lipid metabolism. Compared to casein,
soy protein decreases Srebp-1 gene expression, as well as that
of its target genes (73–76). However, the effects of a high-
protein diet on essential fatty acid metabolism remain poorly
described.

High-protein diets.
Mercuri et al. (77) recorded a decrease in microsomal �5D
and �6D activities (as determined using labeled fatty acids)
in rat dams fed a low-protein diet (5% w:w casein) during
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pregnancy compared with a control diet (25% w:w casein).
Although fat content was held constant between the diets,
carbohydrate content changed significantly (88% compared
with 66% w:w dextrin). De Tomás et al. (78) extended
this work and showed reduced �5D and �6D activities
at age 31 d in pups fed the same protein-deficient diet as
dams. Using an alternate approach, Peluffo and Brenner (79)
observed that 1-y consumption of a diet containing ≥35%
(w:w) protein increased �6D activity in rat liver microsomes
compared with a diet containing ≤25% (w:w) protein.
Collectively, these results show that high dietary protein
promotes desaturase activity. However, it is important to
note that carbohydrate intake changed in these studies, thus
introducing a potential confounder in the interpretation of
findings.

Protein-energy malnutrition in children has also been
associated with reduced �5D activity, although no effect
was seen with �6D (80). These conclusions, which were
based on blood fatty acid product-to-precursor ratios, align
with rodent studies. Although this study represents one of
the first forays examining the effect of dietary protein on
the desaturation pathway in humans, several limitations are
present, including differences in body weight, the use of
blood fatty acids to estimate desaturase activity, and the
fact that total energy intake was also lower in addition
to the protein deficiency. Additional studies in humans in
which protein intake is reduced, but daily energy intake is
maintained, will prove insightful.

Types of protein.
Several studies have demonstrated that LC-PUFA synthesis is
affected by the type of protein consumed (81–86). For exam-
ple, casein-fed rats have increased microsomal �6D activity
(as determined using labeled precursors), concomitant with
lower LA, ALA, DPAn–3, and DPAn–6 and higher DGLA,
AA, and EPA in phospholipids, compared with soy-fed rats
(83, 85). Differences between casein and soy may arise from
their amino acid content. To determine if differences in me-
thionine content could explain these differences, Sugiyama
and colleagues (87) found that supplementing a soy-based
diet with l-methionine restored the microsomal AA:LA ratio
to that seen with casein. However, desaturase activities were
not measured in this study. It is well known that methionine is
limiting in soy (88); thus, these findings suggest that the lesser
impact of soy on the desaturation pathway may relate, in part,
to its amino acid content. Separately, Shimada and colleagues
(89) fed rats a diet with 10% (w:w) casein supplemented with
0.43% l-methionine w:w, 0.34% l-cystine, 3% glycine, or
0.43% l-methionine + 3% glycine for 14 d. Supplementation
with l-methionine increased microsomal �6D activity com-
pared with a control casein diet. Supplementation with l-
cystine and glycine also increased �6D activity compared
with the control, but to a lesser extent than that seen with
l-methionine. Interestingly, the �6D activation observed
with l-methionine was ablated in the l-methionine + glycine
group, suggesting that glycine interferes with the stimulatory
ability of l-methionine. Peluffo et al. (90) also reported

that different types of amino acids influence �6D activity.
Briefly, rats were fed diets containing 10% (en) sunflower oil,
25% casein, and 65% sucrose, where 20% of the casein was
substituted for phenylalanine, tyrosine, or tryptophan. After
24 h, rats fed diets containing 5% (en) casein and either 20%
(en) phenylalanine or tyrosine had lower hepatic microsomal
�6D activities compared with the 25% (en) casein diet.
Interestingly, rats fed a diet containing 5% casein and
20% tryptophan showed no difference in microsomal �6D
activity compared with the control casein group. Extending
this work and conducting studies in animals fed sufficient
ALA to avoid any potential confounding effects of the n–3
PUFA deficiency imparted by the use of sunflower oil as the
sole source of dietary fat are necessary.

Altogether, these findings suggest that LC-PUFA synthesis
is modulated by dietary protein, as well as specific amino
acids. Future work should investigate if the effect of different
protein sources on desaturation pathway activity stems from
the amino acid content influencing desaturase and elongase
protein translation.

Carbohydrates
The relation between dietary carbohydrate and fatty acid
metabolism is well established and supported by research
showing that high-carbohydrate diets stimulate de novo
lipogenesis (DNL) (91–94). Dietary carbohydrate regulates
DNL by activating ChREBP, which then translocates into
the nucleus to stimulate lipogenic gene expression. This
process is rapid, as evidenced by increased fatty acid synthesis
following a single high-carbohydrate meal (95). Evidence
also suggests that the type of dietary carbohydrate (i.e.,
fructose, sucrose, starch) differentially impacts DNL (96);
however, knowledge of how a high-carbohydrate diet affects
desaturation pathway activity remains incomplete.

High-carbohydrate diets.
Drąg et al. (97) investigated the impact of a high-
carbohydrate diet (68% w:w sucrose) on desaturase and
elongase expression and activity in male rats compared with
a standard diet. Importantly, rats in both groups were weight
matched at the time of euthanization to avoid confounding
effects related to differences in body weight. Elovl5 and Fads2
gene expression was increased with the high-carbohydrate
diet, with no change in Elovl2 and Fads1. Whereas �6D
activity increased in accordance with Fads2 mRNA, both
ELOVL5 and �5D activities decreased. Results from an
independent study in mice also suggested that �6D activity
was increased with a high-carbohydrate diet (composed of
a mixture of starch and sucrose) (98). However, the authors
of these 2 studies estimated enzyme activity using product-
to-precursor indices with hepatic fatty acids—an approach
that is less accurate than using fatty acid tracers. This may
partially explain the discrepancy between gene expression
and enzyme activity. Further experiments using tracers and
isolated liver microsomes will help clarify the effects of a
high-carbohydrate diet on the desaturation pathway.
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Types of carbohydrates.
Independent studies have demonstrated that sucrose inhibits
hepatic desaturases. For example, male rats that consumed
30% (w:v) sucrose in their drinking water for 20 wk showed
reduced �5D activity, as reflected by lower conversion
of labeled DGLA into AA in liver microsomes (99). A
more recent study that also examined the effects of 30%
(w:v) sucrose in drinking water in rats showed small,
but statistically significant, reductions in Fads1 and Elovl5
hepatic gene expression but no change in Fads2 (100).
Although supplementing drinking water with carbohydrates
helps avoid alterations in diet macronutrient composition,
it remains difficult to conclusively attribute changes to car-
bohydrates given that these studies both reported metabolic
changes in the sucrose-supplemented groups (e.g., increased
insulin, adiposity, and/or steatosis) that also alter desaturase
expression and activity. Future studies that supplement
drinking water with equivalent amounts of sucrose, glucose,
or fructose will help further define the independent effects of
different carbohydrates.

To date, only a few studies have performed head-to-
head comparisons of different carbohydrates on LC-PUFA
synthesis. De Schrijver and Privett (39) evaluated the effects
of sucrose or glucose on �5D and �6D activities in rats
fed isocaloric diets varying in fat content. After 9 wk
and irrespective of fat content, sucrose and glucose did not
differentially regulate desaturase activity in liver microsomes.
In contrast, Hein et al. (101) reported that a 62.5% sucrose-
rich diet increased Fads1 and Fads2 hepatic gene expression
compared with an isocaloric diet containing starch as the
carbohydrate source. The increase in Fads2 mRNA levels
in rats fed the sucrose-rich diet was mirrored by an
increase in �6D activity; however, the increasing trend seen
with �5D activity did not achieve significance. Together,
these results indicate that further head-to-head comparative
investigations of the effects of different dietary carbohydrates
on LC-PUFA synthesis are warranted.

Micronutrients
Vitamin A
Vitamin A is an essential nutrient required for growth
and development, reproduction, and vision. Retinoic acid
isomers are derivatives of vitamin A that activate RXR, which
heterodimerizes with other nuclear hormone receptors,
including PPARs, to regulate gene expression. However, only
a few studies have investigated whether vitamin A influences
the desaturation pathway (102–107).

Alam et al. (107) fed rats a purified diet supplemented
with either β-carotene (vitamin A provitamin) or different
amounts of 13-cis retinoic acid. β-carotene had no effect on
�6D activity in liver microsomes, whereas a dose-dependent
increase in �6D activity was observed with 13-cis retinoic
acid. DGLA content in hepatic microsomes increased with
13-cis retinoic acid, consistent with increased �6D activity.
In a separate study, these same authors did not find a change
in microsomal �6D activity in rats fed a vitamin A–deficient

diet (106). It is not clear why rats consuming a vitamin A–
deficient diet did not show the opposite effect in �6D activity
as that found in rats supplemented with 13-cis retinoic acid
supplementation. A possible explanation is that the high dose
of 13-cis retinoic acid may have caused lipidemic side effects,
as previously reported (108). In the absence of additional
biochemical investigations, it is difficult to interpret these
findings.

Independent work by Zolfaghari et al. (105) showed that
hepatic Fads1 mRNA was significantly reduced in rats fed
a diet containing 4 mg retinol (as retinyl palmitate)/kg diet
compared with a vitamin A–deficient diet. A subset of rats
fed a vitamin A–deficient diet received an intraperitoneal
injection of 20 μg all-trans retinoic acid shortly prior
to euthanization. Interestingly, rats receiving 2 injections
showed greater suppression of Fads1 mRNA compared with
rats receiving only a single injection, suggesting a dose-
dependent suppression of Fads1 gene expression by vitamin
A. However, this study did not measure hepatic fatty acid
composition. This is notable because work by Zhou et al.
(103) showed that vitamin A increased hepatic phospholipid
�5D and �6D activities, as assessed with product-to-
precursor ratios. Direct comparisons between these studies
are not possible due to different measurement outcomes
(gene expression compared with fatty acid concentrations)
as well as differences in experimental design (e.g., amount
of vitamin A in the diet and rat models used). Nevertheless,
these intriguing reports reinforce the need to further explore
the role of vitamin A on desaturation pathway activity and
determine whether these effects are mediated by RXR.

Folate and vitamin B-12
Folate and vitamin B-12 are important micronutrients in
1-carbon metabolism, in which they function as the primary
methyl donor for methylation of DNA, protein, and lipids.
The effects of these nutrients on LC-PUFA synthesis are
relevant because recent reports show associations between
DNA methylation in 5′ regulatory regions of human FADS1
and FADS2 with estimated enzyme activities (109, 110). In-
creased Fads2 methylation was also shown to reduce hepatic
�6D activity and lower AA and DHA concentrations in mice
(111). Furthermore, Fads2 hypermethylation was associated
with altered liver phospholipid content in conjunction
with lower phosphatidylethanolamine N-methyltransferase
activity. Thus, investigating micronutrients that influence
methylation of desaturase genes is important with regard
to not only LC-PUFA synthesis but also phospholipid
production.

Only a few studies have examined the effect of these
micronutrients on desaturases and elongases. In all instances,
these studies varied the amount of folate and/or vitamin B-12
in the maternal diet and then examined desaturase enzymes
in the mother and/or offspring. Results to date are equivocal.
Burdge et al. (112) examined liver fatty acid composition
in offspring from rat dams fed diets containing either
1 or 5 mg folic acid/kg diet from conception until delivery,
with vitamin B-12 concentrations held constant. All offspring
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were fed the same diet containing 1 mg folic acid/kg diet
until killed on postnatal day 28. No differences related to
maternal diet were found in offspring hepatic lipids; however,
the effects of varying dietary folic acid on the mothers were
not investigated.

Wadhwani et al. (113) examined the effects of low and
high folic acid (2 and 8 mg folic acid/kg diet, respectively)
in the presence or absence of vitamin B-12 on liver fatty acids
and desaturase mRNA levels in rat dams. The authors showed
that excess folic acid in the absence of vitamin B-12 caused
increased �5D and reduced �6D liver activities (based on
product-to-precursor ratios) but decreased Fads1 mRNA
levels with no effect on Fads2. These results reinforce the
disconnect between mRNA measurements and desaturase
activity. Finally, a recent mouse study fed both dams (starting
2 wk before mating) and offspring either a normal diet
containing folic acid (2 mg/kg diet) and vitamin B-12
(25 μg/kg diet) or an unbalanced diet containing folic acid
(8 mg/kg diet) and vitamin B-12 (5 μg/kg diet) (114).
Offspring consumed the same diet as their mothers for
60 d. Fads1 mRNA abundance was increased in dams fed
the unbalanced diet (no effect on Fads2 expression), but both
�5D and �6D activities were lower. In contrast, offspring in
the unbalanced diet group showed increases in both �5D
and �6D activities. The discrepancy between mother and
offspring may suggest a compensatory adaptation occurred
in offspring. Future studies should consider similar ma-
ternal diets but provide all offspring with a common diet
to elucidate any possible compensations in essential fatty
acid metabolism. Importantly, none of these feeding trials
examined the methylation status of Fads1 and Fads2. Such
measurements will help clarify whether folate and/or vitamin
B-12 epigenetically regulate the desaturation pathway and
may point to a mechanism underlying heritability of LC-
PUFA synthesis.

Zinc
Zinc (Zn) is an essential trace element required for the
activity of >300 enzymes involved in protein synthesis,
fatty acid metabolism, and reproduction (115, 116). Due to
similarities between Zn deficiency and EFAD, interactions
between Zn and desaturase activity are relevant (117, 118).
Discrepant findings from rodent and human studies exist in
the literature; however, an important limitation in some of
the early work was the use of Zn-free diets that impacted
food intake (119, 120). Subsequent studies with rats force-fed
Zn-deficient diets by intragastric tubes helped resolve these
discrepancies and showed that LC-PUFA synthesis is indeed
impaired with Zn deficiency.

Several studies in the 1980s reported impaired LA
metabolism in Zn-deficient rats (121–123); however, the
effect of Zn was dependent on essential fatty acid status.
Indeed, in the context of an EFAD, Zn supplementation
had no effect on fatty acid composition of plasma and
liver (121). Interestingly, Zn-deficient rats administered
primrose oil (which contains GLA), but not safflower oil
(which contains LA), showed improvements in many of

the changes observed with Zn deficiency. This suggests
that the outcomes on LC-PUFA synthesis associated with
Zn deficiency may be circumvented by providing a dietary
source containing fatty acid products of �6D. Clejan et
al. (122) pair-fed rats either Zn-sufficient or Zn-deficient
diets and examined liver microsomal desaturase activity.
Although the authors did not report a change in �6D activity,
�5D activity was significantly impaired with Zn deficiency.
Finally, Ayala and Brenner (123) showed that �6D and
�5D activities were reduced in liver and testes microsomes
isolated from rats fed a Zn-deficient diet. Nearly a decade
later, studies by Eder and Kirchgessner (120, 124) expanded
on the role of Zn in essential fatty acid metabolism using
a force-fed rat model to prevent Zn-deficiency associated
hypophagia. An initial study in which rats were fed Zn-
deficient diets varying in fat content (coconut/safflower
compared with linseed) found no effect on desaturase
activities (124). However, when rats were initially fed Zn-
deficient fat-free diets prior to the consumption of a Zn-
deficient + 5% (w:w) safflower diet, desaturase activity was
impaired (120). This implies that the outcomes seen with Zn
deficiency may be particularly important in the context of an
EFAD.

The relation between Zn and estimated desaturase ac-
tivities has also been alluded to in human studies. Yary
et al. (125) reported that high serum Zn was associated
with low �5D and high �6D activities in men. Both Knez
et al. (126) and Chimhashu et al. (127) reported positive
associations between plasma Zn and DGLA concentrations
and inverse relations between plasma Zn and the LA:DGLA
ratio (126). Together, these studies highlight the association
between Zn and �6D activity, although the association with
�5D remains uncertain. Future clinical studies using stable
isotope fatty acid tracers coupled with Zn supplementation
will help further solidify the relation between Zn and LC-
PUFA synthesis.

Iron
Iron is an essential mineral involved in redox reactions,
DNA synthesis, and oxygen transport (128). Desaturase
enzymes are non-heme iron–containing enzymes (18, 129).
Okayasu et al. (18) reported that an iron chelator reduced
�6D activity, implying a catalytic role for the non-heme
iron. Given the global prevalence of iron deficiency (130),
investigations regarding the associations between iron and
LC-PUFA synthesis have widespread implications.

Studies in rats and humans have demonstrated that
dietary iron status affects desaturase activities. When rats
were fed an iron-deficient diet (10 mg/kg) for 12 wk, both
the AA:LA ratio and the �5D ratio (AA:DGLA) were lower
in plasma, erythrocytes, and liver phospholipids compared
with those of control (35 mg/kg) and iron-supplemented
(250 mg/kg) rats (131). Additional studies by indepen-
dent groups (132–134) generally report similar outcomes,
indicating that iron deficiency impairs LC-PUFA synthe-
sis. Results from iron-deficient children (135) and adults
(136), compared with age-matched controls, are mostly in
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agreement with findings from rat studies. Moreover, when
iron-deficient children were provided iron-fortified soup
for 15 wk, erythrocyte concentrations of n–3 LC-PUFA
increased to levels comparable to those of age-matched
controls, showing that iron supplementation can help rescue
impaired desaturase activity (135). Interestingly, reductions
in estimated desaturase activities and blood fatty acids in
these human studies were detected in n–3 PUFA and not n–6
PUFA. A plausible explanation may lie with the more variable
concentrations of n–6 PUFA in participants’ diets compared
with n–3 PUFA, which would make it more difficult to detect
significant differences. Irrespective, these studies reinforce
the essential role of iron as a critical cofactor of desaturase
enzymes.

Polyphenols
Polyphenols are a large group of bioactive phytochemicals
found abundantly in foods such as fruits, vegetables, whole
grains, chocolate, tea, and wine (137, 138). Although initial
interest in polyphenols focused on their antioxidant activity,
these molecules also regulate signaling pathways, gene
expression, and energy metabolism (139, 140). Evidence
shows that polyphenols can regulate LC-PUFA synthesis
directly or indirectly, depending on the molecule. Results
from in vivo and in vitro studies suggest that these effects may
occur via regulation of PPAR-α activity.

Resveratrol
Resveratrol (RSV) is a type of stilbene found in the skin
and seeds of grapes, as well as in red wine (141). Since
its discovery, there has been considerable interest in RSV
due to its widespread actions and benefits on numerous
metabolic outcomes, such as dyslipidemia and inflammation
(142). However, most of this past research was conducted
in cell and rodent models using micromolar concentrations
of RSV that are not readily achievable in humans (142,
143), primarily due to low RSV bioavailability in humans
(144, 145). Furthermore, RSV is rapidly metabolized, leading
to only nanomolar amounts of the native molecule being
detected in circulation (144, 145). Consequently, research
investigating the role of RSV on the desaturation pathway
will have little direct translational value for humans but can
help elucidate the transcriptional mechanisms underlying
desaturase regulation.

For example, Kühn et al. (146) treated HepG2 cells with
RSV (40 μM) and showed significant increases in Fads1 and
Fads2 mRNA. However, �5D protein was slightly reduced
and no change was seen for �6D protein concentrations
after 24 h. Interestingly, when HepG2 cells were cotreated
with RSV and ALA, trends for reduced Fads1 and Fads2
gene and protein expression were observed compared with
ALA alone. Importantly, concentrations of EPA and DHA
were significantly reduced with this dual treatment. This
suggests that RSV, which is known to bind PPAR-α (147),
may mimic the transcriptional feedback inhibition observed
with EPA and DHA. Future studies using PPAR-α agonists
and antagonists in conjunction with n–3 PUFA fatty acid

treatments will help determine to what extent polyphenol
regulation of LC-PUFA synthesis occurs via this critical
transcription factor.

Anthocyanins
Anthocyanins (ACNs) are water-soluble pigments found in
the flesh, skin, and roots of many plants and vegetables, such
as pomegranates, berries, and beets (148). Past observational
studies report increases in n–3 LC-PUFA status following
the consumption of wine (which is rich in ACNs) (149,
150). However, few studies have investigated whether these
increases are related to ACN content.

In a comprehensive study, Vauzour et al. (149) reported
no effect of ACNs on EPA and DHA concentrations in
HepG2 cells, as well as in rodent and human investi-
gations. HepG2 cells were treated with ALA (50 μM)
with or without various ACNs (5 μM)—delphinidin-3-O-
glucoside (D3G), cyanidin-3-O-glucoside, or malvidin-3-O-
glucoside—or their metabolites (gallic acid, syringic acid, or
p-coumaric acid). Whereas cells treated with ALA showed
increased Fads2 expression and corresponding increases
in EPA, pretreatment with D3G reduced Fads2 mRNA
levels and EPA content. None of the other ACNs had any
impact on these primary outcomes. In the same study,
the authors fed rats a diet containing rapeseed oil (rich
in ALA) supplemented with a mixture of ACNs extracted
from blueberries and reported no effect on serum or
liver n–3 PUFA content or hepatic Fads2 gene expression.
Finally, plasma fatty acids were analyzed from a previous
randomized, placebo-controlled trial examining the effects of
an ACN-rich elderberry extract in postmenopausal women
(151); however, no differences in n–3 PUFA were found
(149). Collectively, the cell culture work suggested that
only D3G inhibited Fads2 mRNA levels and EPA content,
but these effects were lost in vivo. This study highlights
the challenge of translating in vitro findings using purified
compounds to in vivo contexts in which ACNs are part of a
complex food matrix.

Gallegos et al. (152) separately reported that in rats
fed a chia oil–enriched diet (ALA enriched) supplemented
with ACNs extracted from purple corn, there was no effect
on hepatic EPA, DHA, and AA concentrations. Although
liver Fads1 mRNA was reduced in the ACN-supplemented
group compared with control, with no effect seen on
Fads2 mRNA levels, both the product-to-precursor ratio
estimates for �5D and �6D activities were increased
with ACN supplementation. Interestingly, these authors
also examined the expression of Ppar-α and Srebp-1c, and
their results suggest that PPAR-α may have a dominant
effect on Fads2 expression, whereas SREBP-1c may have a
greater influence on Fads1 expression. This suggests potential
differences in the transcriptional regulation of desaturase
genes. Together, these studies suggest that our understand-
ing of ACN regulation of LC-PUFA synthesis remains
incomplete, but the limited evidence available indicates that
more work is necessary before making any human dietary
recommendations.
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FIGURE 2 Summary of potential mechanisms by which various dietary components regulate LC-PUFA synthesis. Arrows represent
activation, while flat lines indicate inhibition. For simplicity, only n–6-PUFA desaturation is shown. AA, arachidonic acid; ALA, α-linolenic
acid; ChREBP, carbohydrate response element binding protein; D5D, �-5 desaturase; D6D, �-6 desaturase; ELOVL2, fatty acid elongase 2;
ELOVL5, fatty acid elongase 5; Fads, fatty acid desaturase; LA, linoleic acid; LC, long chain; PPARα, peroxisome proliferator–activated
receptor α; RXR, retinoid X receptor; SREBP, sterol regulatory element binding protein. Created with BioRender.com.

Isoflavones
Isoflavones are a class of molecules that are rich in legumes
such as soybean, mung beans, and green beans. Isoflavones
are also referred to as phytoestrogens due to their structural
similarities to 17β-estradiol and their ability to interact with
the estrogen receptor (153). The effect of isoflavones on
LC-PUFA synthesis has been studied due to their potent
estrogenic activity (154). Similar to RSV, isoflavones are
thought to bind PPAR-α to induce its transcriptional activity
(155–157).

Kühn et al. (158) conducted a series of in vitro exper-
iments to investigate the effects of different isoflavones on
Fads1 and Fads2 (but not elongases) gene expression in cell
lines corresponding to liver (HepG2), muscle (C2C12), and
adipose (3T3-L1). Only quercetin increased Fads1 mRNA
in HepG2 cells; however, Fads2 mRNA levels were strongly
affected by fenretinide (reduction) and genistein (increase).
Interestingly, both quercetin and fenretinide induced Ppar-
α gene expression, indicating that their divergent effects
on desaturase gene expression are not solely mediated
by PPAR-α. In C2C12 cells, apigenin, luteolin, genistein,
and fenretinide all reduced Fads1 expression, with similar
reductions in Fads2 expression also seen with apigenin
and luteolin. Finally, both Fads1 and Fads2 mRNA was
increased by pratensein and fenretinide in differentiated 3T3-
L1 adipocytes. These results suggest that different tissues
may respond differently to these isoflavones, which makes it
difficult to appreciate how these molecules will compete with
one another to influence whole-body LC-PUFA synthesis.

It is also notable that the isoflavone concentrations used in
this study were supraphysiological. Furthermore, as seen with
other nutrients, effects at the mRNA level did not always
translate to effects at the protein and/or enzyme activity
levels.

A recent study in chickens showed that the inclusion
of isoflavones in a linseed oil (ALA-rich) –enriched diet
increased EPA and DHA content in breast muscle com-
pared with a linseed oil diet alone (159). In conjunction,
Fads2 and Elovl2 gene expression was also higher in the
isoflavone-supplemented chickens compared with controls,
with no difference seen in Fads1 or Elovl5 mRNA levels.
These in vivo findings using soybean (which is rich in
genistein, daidzein, and glycitein) differ from those of the
previously discussed in vitro study, but supplementation with
a mixture of isoflavones is more relevant to the human
diet.

Conclusions
This article demonstrates that numerous components of
the diet can regulate desaturases and elongases (Sup-
plemental Table 1), identifies important methodological
limitations, and highlights considerations for population
health. Different nutrients can affect desaturation pathway
activity through various mechanisms, including the regula-
tion of gene expression, enzyme activity, and methylation
(Figure 2). Consequently, this highlights the importance of
obtaining several measurement outcomes to fully appreciate
how dietary components regulate LC-PUFA synthesis. This
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is particularly pertinent given that many of the studies
presented in this article show that changes in gene expression
often do not align with changes in enzyme activities. Fur-
thermore, because many nutrients are capable of regulating
LC-PUFA synthesis, careful consideration must be made
when designing rodent diets to minimize differences in com-
position. Finally, as illustrated with the case of RSV, findings
from in vitro studies may have limited relevance for humans
due to various issues, including nutrient bioavailability and
the use of supraphysiological doses.

Despite these challenges, this line of investigation is clearly
important to continue due to its implications for human
health and disease. Humans do not consume nutrients but,
rather, diets whose nutrient composition varies according
to the foods eaten. Thus, it becomes critical to study LC-
PUFA synthesis in the context of nutrient deficiencies and
excesses. Indeed, the global prevalence of micronutrient
deficiencies could have an underappreciated impact on LC-
PUFA synthesis, exacerbating deficiencies in these important
fatty acids that are widely related to chronic disease risks.
Moreover, HFDs deficient in EPA and DHA (e.g., the typical
Western diet) may exaggerate this deficiency by inhibiting the
endogenous production of these important n–3 LC-PUFAs.
Given the important changes in dietary patterns that have
arisen during the past 40 y, it is crucial that we continue to
advance our understanding regarding diet regulation of LC-
PUFA synthesis.
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